Cerebral malaria (CM) is associated with a high mortality rate, and long-term neurocognitive impairment in approximately one third of survivors. Adjunctive therapies that modify the pathophysiological processes involved in CM may improve outcome over anti-malarial therapy alone. PPARc agonists have been reported to have immunomodulatory effects in a variety of disease models. Here we report that adjunctive therapy with PPARc agonists improved survival and long-term neurocognitive outcomes in the Plasmodium berghei ANKA experimental model of CM. Compared to anti-malarial therapy alone, PPARc adjunctive therapy administered to mice at the onset of CM signs, was associated with reduced endothelial activation, and enhanced expression of the anti-oxidant enzymes SOD-1 and catalase and the neurotrophic factors brain derived neurotrophic factor (BDNF) and nerve growth factor (NGF) in the brains of infected mice. Two months following infection, mice that were treated with anti-malarials alone demonstrated cognitive dysfunction, while mice that received PPARc adjunctive therapy were completely protected from neurocognitive impairment and from PbA-infection induced brain atrophy. In humans with P. falciparum malaria, PPARc therapy was associated with reduced endothelial activation and with induction of neuroprotective pathways, such as BDNF. These findings provide insight into mechanisms conferring improved survival and preventing neurocognitive injury in CM, and support the evaluation of PPARc agonists in human CM.
Introduction
Cerebral malaria (CM) is a severe complication of Plasmodium falciparum infection that is associated with high mortality rates despite potent anti-anti-malarial therapy [1] [2] . Adjunctive therapies, aimed at modifying the pathophysiological processes of malaria infection have been pursued as a way to improve outcome in CM, albeit with limited success to date [3] .
CM is characterized by seizures and coma in the presence of parasitemia and in the absence of any other recognized cause of coma. While it was long believed that the majority of children surviving CM were left neurologically intact, recent studies have challenged this assumption and provided evidence that many CM survivors have long-term cognitive and neurological deficits [4] [5] [6] .
Both parasite and host determinants contribute to the onset and neurological outcome of CM. Host innate immune responses to infection combined with sequestration of parasitized erythrocytes (PEs) in the microvasculature of the brain, result in dysregulated inflammation, endothelial activation and dysfunction, microvascular occlusion, vascular leak, and ultimately loss of blood-brain barrier (BBB) function and integrity [7] . Sequestered PEs, perfusion abnormalities, hemorrhages, edema, local tissue hypoxia and ischemia, and focal disruptions of the BBB are common fundoscopic and autopsy findings in CM patients [8] [9] . Oxidative stress and axonal injury in the vicinity of brain hemorrhages and in areas of vascular occlusion are observed in CM and may contribute to neurological dysfunction pre-mortem and in CM survivors [10] . In experimental models of CM (ECM), intravital microscopy studies have revealed that neurological signs in ECM are associated with dysfunction of the neuroimmunological BBB, including vascular leak from post-capillary venules [11] .
Peroxisome proliferators-activated receptor gamma (PPARc) is a member of the family of nuclear hormone receptors that function as ligand-activated transcription factors [12] . PPARc agonists are reported to have anti-inflammatory and anti-oxidant properties [13] , and may also possess neuroprotective properties mediated in part by promoting neuron repair mechanisms [14] [15] . We have previously shown that PPARc agonists decrease human monocyte inflammatory responses to P. falciparum PEs in vitro, and reduce systemic inflammation and improve survival in vivo in the ECM model [16] . These pre-clinical observations were extended and confirmed in a randomized double-blind placebo controlled trial in Thai patients with P. falciparum malaria. In this clinical trial adjunctive therapy with PPARc agonists was associated with significantly faster parasite clearance time and reduced systemic inflammatory responses to infection [17] . Based on the above observations and putative role of PPARc activation in neuroprotection, we tested the hypothesis that PPARc agonists would enhance endothelial quiescence and BBB integrity, and activate neuroprotective pathways in mice and humans. Here we report that PPARc agonist therapy resulted in improved survival and long-term neurocognitive performance in the ECM model and was associated with the induction of neuroprotective pathways, such as brain derived neurotrophic factor (BDNF), in both P. berghei ANKAinfected mice and humans with P. falciparum malaria.
Results

Adjunctive therapy with PPARc agonists improves survival in ECM
We have previously shown that mice treated prophylactically with rosiglitazone are protected from developing CM and have significantly higher survival rates than control mice [16] . To model clinically relevant scenarios we designed treatment protocols in the ECM model whereby Plasmodium berghei ANKA (PbA)-infected mice were treated with a combination of artesunate (10 mg/kg), and a PPARc agonist (rosiglitazone; 2.5 mg/kg) or saline as a control starting on day 3 post-infection, when parasitemia becomes detectable peripherally, or when mice displayed neurological symptoms and began to die from CM (between day 5 and 6 of infection) (see Figure S1 for treatment protocols). Starting treatment on day 3 post-infection resulted in 100% survival in the rosiglitazone-treated group compared to a 40% survival in the group receiving artesunate alone ( Figure 1A , p = 0.0042). All untreated mice succumbed to their infection. Starting treatment at the onset of CM resulted in a 90% survival in the rosiglitazone-treated group compared to 57.5% survival in the group receiving artesunate alone ( Figure 1B , p = 0.0012). Similar survival benefit was observed with pioglitazone (a PPARc agonist belonging to the same class of drugs as rosiglitazone). Pioglitazone (20 mg/kg) adjunctive therapy commencing at the onset of CM signs resulted in an 85% survival compared to 45.5% survival in the group receiving artesunate alone (p = 0.0093, by Logrank test, n = 20/group). Parasitemia did not significantly differ between the treatment groups ( Figure 1C-D) . All mice that survived the CM window went on to develop hyperparasitemia.
PPARc therapy reduces endothelial activation and enhances blood brain barrier integrity
Endothelial activation and dysfunction leading to loss of vascular integrity are thought to be central to the pathophysiology of CM. The angiopoietin-Tie-2 system has been identified as a key regulator of vascular integrity, and plays a role in disease progression and outcome in malaria infection [18] . The interaction between angiopoietin-1 (Ang-1) and its receptor Tie-2 promotes endothelial quiescence and inhibits vascular leakage, while Ang-2 antagonizes the Ang-1-Tie-2 interaction and promotes endothelial activation. We investigated whether rosiglitazone adjunctive therapy has an impact on angiopoietin levels in ECM. Mice receiving adjunctive rosiglitazone therapy (starting either on day 3 post-infection or at the onset of neurological signs) had significantly higher circulating levels of Ang-1 (Figure 2A and B, and Figure S2 ), consistent with less endothelial activation compared to mice receiving artesunate alone. Compared to uninfected mice, Ang-1 levels were significantly lower in infected mice treated with artesunate alone, while Ang-1 levels were maintained in mice that received rosiglitazone adjunctive therapy. Using real time quantitative PCR analysis of brain homogenates we observed significantly higher Ang-1 mRNA levels ( Figure S3A ), a trend towards lower Ang-2 mRNA levels ( Figure S3B ), and a significantly lower Ang-2 to Ang-1 mRNA ratio in mice treated with rosiglitazone compared to those treated with artesunate alone ( Figure 2C and Figure S3C ). Our data suggest that rosiglitazone adjunctive therapy induces a shift in the Ang-2 to Ang-1 balance towards a more quiescent endothelium.
We extended these observations to investigate whether this was also associated with enhanced BBB integrity and reduced vascular leakage during ECM. Mice receiving rosiglitazone had significantly reduced levels of vascular leak (as assessed by Evans blue) and preserved BBB function compared to mice treated with artesunate alone (Figure 2D -E), despite having similar peripheral parasitemia levels and similar parasite accumulation in the brain ( Figure 2F ) (as assessed by bioluminescence imaging of mice infected with luciferase expressing PbA) [19] . Compared to mice treated with artesunate alone, mice receiving rosiglitazone also had significantly fewer brain hemorrhages ( Figure 2G and H), providing additional evidence of enhanced BBB integrity and neuroprotection.
To further examine whether the elevated levels of Ang-1 observed in rosiglitazone-treated mice directly contributed to improved survival and neuroprotection we infected mice that were either sufficient for Ang-1 or had one Ang-1 allele deleted (Ang-1 del , the kind gift of Dr. SE Quaggin [20] ) with PbA and treated them with artesunate plus either rosiglitazone or saline as a control starting on
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PPARc therapy increases expression of the anti-oxidant enzymes SOD-1 and catalase in the brains of PbAinfected mice Malaria infection is associated with release of free heme that can trigger oxidative stress and tissue injury. Oxidative stress and axonal damage are thought to contribute to neuronal injury and dysfunction in CM patients [10] . Increased oxidative stress has also been observed in the brains of mice with ECM [22] . Upregulation of endogenous anti-oxidant enzymes can help maintain redox balance and protect neurons from injury. In agreement with its putative neuroprotective role, anti-oxidant activity is decreased in patients who develop CM and in mice susceptible to ECM [22] [23] . PbA infection was associated with a significant decrease in brain mRNA levels of the anti-oxidant enzymes SOD-1 and catalase ( Figure 3A -B, day 0 vs. day 5). Compared to mice receiving artesunate alone, addition of rosiglitazone adjunctive therapy resulted in significantly increased levels of SOD-1 and catalase expression and full recovery to preinfection levels by day 9 post-infection ( Figure 3A -B). We did not observed a significant difference in HO-1 levels between treatment groups ( Figure S5 ).
In summary, rosiglitazone treatment resulted in higher brain expression of SOD-1 and catalase, compared to artesunate treatment alone.
PPARc agonists increase expression of neurotrophic factors BDNF and NGF in the brains of PbA-infected mice Neurotrophic factors, such as BDNF and nerve growth factor (NGF) play an important neuroprotective role [24] . Decreased BDNF mRNA expression in the brain has been correlated with increased CM severity in PbA-infected mice [25] . In agreement with previous observations, we observed a 55% decrease in BDNF mRNA expression in the brains of PbA-infected mice at the onset of neurological signs ( Figure 4A day 0 vs. day 5). Mice receiving rosiglitazone adjunctive therapy had higher levels of BDNF compared to mice receiving artesunate alone ( Figure 4A ). BDNF expression was significantly higher in the rosiglitazone group on day 9 post-infection. Although NGF levels were not affected by PbA infection, rosiglitazone treatment was also associated with higher levels of NGF expression on day 11 post-infection ( Figure 4B ).
The synaptic effects of BDNF are mediated by its receptor Trk-B [26] . Trk-B expression in the brain was preserved in mice receiving rosiglitazone, while it decreased on day 7 post-infection in mice receiving artesunate alone ( Figure 4C ).
Thus, rosiglitazone adjunctive therapy was associated with both elevated levels of BDNF and NGF expression and maintenance of Trk-B expression in the brains of mice infected with malaria.
PPARc adjunctive therapy protects mice from cognitive and motor impairment
Long-term neurocognitive impairment is observed in children surviving CM. Mice, drug-cured following the onset of ECM, also demonstrate neurocognitive impairment [22, 27] . Our data thus far indicated that rosiglitazone adjunctive therapy is associated with improved survival in ECM but it is unclear if this is at the cost of increased neurocognitive injury in ECM survivors. Alternatively our observations of preserved BBB integrity and induction of CNS anti-oxidant enzymes and neurotrophic factors suggest that PPARc-treatment might confer neuroprotection in ECM. To test this latter hypothesis, we drug-cured mice at the onset of CM signs with a combination of artesunate and mefloquine, with or without rosiglitazone adjunctive therapy for a total of 7 days (see Figure S1 for dosing regimen). Mice remained parasite-free following treatment for the entire testing period. Uninfected mice that received the same drug treatment regimens were used as controls. Mice were evaluated using a battery of standardized neurocognitive tests of learning, memory, exploratory behaviour, anxiety, and motor performance, starting 2 months following the completion of curative anti-malarial therapy. Compared to infected mice cured with artesunate/mefloquine alone, we observed significant improvements in neurocognitive performance in mice that received rosiglitazone adjunctive therapy.
The novel object recognition (NOR) test is a test of non-spatial learning and memory and is based on the innate tendency of rodents to preferentially explore novel objects over familiar ones. PbA-infected mice treated with artesunate/mefloquine had significantly lower memory (preference index) scores compared to uninfected controls for the novel object following a 3-hour retention interval ( Figure 5A ). In contrast, PbA-infected mice that received rosiglitazone adjunctive therapy had preference index scores similar to uninfected controls, and significantly better than mice that were treated with artesunate/mefloquine alone ( Figure 5A ). Differences in preference scores could not be attributed to differences in mobility or total exploration time between the groups ( Figure S6 ).
To assess motor performance we conducted both a constant and an accelerating speed rotarod test. In both tests PbA-infected mice that received rosiglitazone adjunctive therapy performed significantly better than PbA-infected mice treated with artesunate/ mefloquine alone ( Figure 5B-C) , suggesting better motor coordi- nation and balance in the rosiglitazone-treated group. In both tests the PbA-infected mice treated with artesunate/mefloquine alone showed impaired performance compared with uninfected controls, however the difference between the groups did not reach statistical significance (p = 0.063 for constant rotarod test, and p = 0.12 for accelerating rotarod test).
We did not observe any differences between groups in the open field test, which assesses exploratory and locomotor behaviour, in the tail suspension test, which assesses anxiety and depression, or in the contextual fear-conditioning test, which assesses associative learning ( Figure S7 ).
These data suggest that CM is associated with deficits in memory and motor skills, and that rosiglitazone adjunctive therapy conferred protection to these ECM-associated neurocognitive deficits.
PPARc therapy protects mice from PbA-induced brain atrophy Specific brain regions can undergo structural plastic changes in response to demands or injury, such as learning a new task, or response to and recovery from a serious infection [28] . CT and MRI assessment of children during acute CM and of CM survivors with neurological sequelae have demonstrated brain structural abnormalities including focal and multifocal atrophy [29] [30] . We next performed high-resolution MRI studies to determine if the behavioural phenotypes we observed correlated with morphological changes in the CNS. Following completion of all behavioral testing, mice were perfused and brain tissue was fixed for MRI. Volumetric analysis was performed on total brain volume and 62 distinct brain regions outlined based on a previously established mouse brain atlas [31] [32] . We observed significant differences in 12 brain regions between mice that received anti-malarials alone and mice that received rosiglitazone adjunctive therapy ( Figure 6A and Figure S8 ). In all cases the brain regions had a preserved (larger) volume in the rosiglitazonetreated mice. Notably, we observed significant differences in the corpus callosum, hippocampus, and thalamus ( Figure 6B-D) . These areas are involved in new memory formation and detection of novel events and stimuli. Atrophy in these areas may relate to the impaired responses observed in the NOR test with mice treated with anti-malarial alone. We also observed significant differences in the midbrain, the arbor vitae of the cerebellum, and the globus pallidus of the basal ganglia ( Figure 6E -G). These are regions that play a critical role in motor coordination and balance, and corresponding atrophy in these areas may be related to the impaired rotarod test performance observed in mice treated with anti-malarials alone.
In summary, we observed that rosiglitazone adjunctive therapy was associated with protection from brain injury/atrophy in brain regions relevant to memory and motor functions.
Rosiglitazone adjunctive therapy in patients with P. falciparum malaria is associated with a lower Ang-2 to Ang-1 ratio and higher levels of BDNF To extend our findings to a relevant human population we examined the levels of Ang-1, Ang-2, and BDNF in plasma banked from patients that had participated in a randomized double-blind placebo controlled trial of rosiglitazone plus atovaquone-proguanil (AP) versus AP plus placebo for the treatment of uncomplicated P. falciparum malaria acquired on the Thai-Burmese border [17] . randomly assigned to receive either placebo or rosiglitazone (4 mg twice daily) for 3 days. The primary end points of this trial were safety and tolerability of rosiglitazone administration as adjunctive therapy of uncomplicated P. falciparum malaria. Secondary endpoints were 50% and 90% parasite clearance time (PCT, the time required for patients to reduce their parasite burden by 50% and 90%). Rosiglitazone was found to be safe and well tolerated, and patients receiving rosiglitazone had significantly shorter 50% and 90% PCT, [rosiglitazone vs. placebo: 19.0 h vs. 24.6 h (p = 0.029) for 50% PCT; and 30.9 h vs. 40.4 h (p = 0.004) for 90% PCT [17] . We also detected significantly lower levels of inflammatory biomarkers IL-6 and MCP-1 in the rosiglitazone arm [17] . Patients receiving rosiglitazone had significantly higher levels of BDNF starting on day 2 post-treatment initiation ( Figure 7A) , and a significantly lower Ang-2 to Ang-1 ratio on day 3 post-treatment initiation compared to those receiving placebo ( Figure 7B ). 
Discussion
Cerebral malaria is associated with high fatality rates and longterm neurodisabilities despite optimal anti-malarial therapy. There is a need for adjunctive therapies to reduce mortality and to improve neurocognitive outcome in survivors. Here we report that adjunctive therapy with the PPARc agonist rosiglitazone was associated with enhanced survival, and complete protection from neurocognitive impairment and acute brain injury and subsequent brain atrophy in mice infected with PbA. Rosiglitazone improved outcome in part by reducing endothelial activation, increasing BBB integrity, and upregulating expression levels of the antioxidant enzymes SOD-1 and catalase, and the neurotrophic factors BDNF and NGF in the brains of infected mice. We further report that rosiglitazone adjunctive therapy was also associated with reduced endothelial activation, as evidenced by a lower Ang-2 to Ang-1 ratio, and enhanced levels of the neuroprotective factor BDNF in patients with P. falciparum malaria.
Recent studies have demonstrated epilepsy, persistent attention and memory problems, developmental delays in language and gross motor function, and attention deficit hyperactivity disorder (ADHD)-like behavior in ,one-third of children who survive CM [4] [5] [6] [33] [34] [35] . Mice, drug-cured following the onset of ECM, also demonstrate neurocognitive deficits [27] . We observed that rosiglitazone, administered concomitantly with anti-malarial therapy beginning at the onset of ECM, completely protected mice from long-term neurocognitive impairment, specifically impairment in learning, memory, attention, and motor coordination. Mice that received rosiglitazone performed as well as uninfected mice and significantly better than infected mice that received anti-malarials alone.
High resolution MRI analysis for morphological CNS changes in mice drug-cured at the onset of ECM revealed significant volumetric differences between mice that received rosiglitazone and those that did not. The observed volumetric differences in the CNS correlated well with the behavioural phenotype observed in mice surviving ECM. Rosiglitazone treatment was associated with less atrophy in brain areas implicated in memory and spatial learning, specifically the corpus callosum, hippocampus, and thalamus, and in areas implicated in motor performance, specifically the cerebellum, basal ganglia, and midbrain. Injuries to these brain areas generate symptoms that are often seen in CM survivors, including deficits in learning, memory, and executive functions, problems with verbal fluency, impaired motor function, and ADHD-like symptoms [36] [37] [38] [39] [40] . Of note, our ECM data mirror MRI and CT findings observed in human CM. Changes in brain morphology, including changes in brain volume, abnormal T2 intensity, and diffusion-weighted MRI abnormalities, have been reported in acute CM and in the majority of CM survivors with neurological sequelae [29] [30] 41] . Abnormal T2 signal intensity and DWI (diffusion weighted imaging) abnormalities in the basal ganglia was identified in 84% of children with CM, and over 49% of children showed such abnormalities in the thalamus, corpus callosum, and cerebellum.
Rosiglitazone therapy was associated with the induction of several potentially neuroprotective and neurorestorative pathways, including regulation of BDNF. As previously reported [25, 42] , we observed reduced BDNF levels in the brains of PbA-infected mice. While anti-malarial treatment was associated with some increase in BDNF levels, mice that received rosiglitazone adjunctive therapy had significantly higher levels of BDNF and NGF expression in their brain, compared to mice receiving antimalarials alone. Decreases in BDNF levels have been associated with alterations in neuronal maintenance and regeneration, structural abnormalities in the brain, and reduced neuronal plasticity resulting in impaired ability to adapt to crisis situations [43] . Lower BDNF levels are associated with a decline in neuroprotection, and administration of BDNF has been shown to be protective in acute brain injury and infection models [44] [45] . Maintenance of BDNF levels in the brain is also required for normal learning and memory function [46] . Additionally, BDNF levels have been linked to motor performance [47] . The lower levels of BDNF induced by malaria infection may have contributed to the observed deficits in learning, memory, and motor performance in mice treated with anti-malarials alone, while the quicker recovery and the higher levels achieved in rosiglitazone-treated mice may have conferred protection from neurological injury.
Here we report for the first time that circulating BDNF levels also decline in P. falciparum infection. Using samples collected during a randomized double-blind placebo-controlled trial of rosiglitazone adjunctive therapy in patients with uncomplicated P. falciparum infection, we observed a decrease in circulating BDNF in both placebo and rosiglitazone arms in the first 24 hours following admission. However, while BDNF levels remained low in the placebo group, the rosiglitazone treatment group had a significant increase in circulating BDNF levels. These findings imply that even uncomplicated falciparum malaria may be associated with some degree of neurological compromise or injury, at least as suggested by a persistent decrease in BDNF. This observation is in agreement with previous reports of impaired school performance in children with a history of uncomplicated malaria [4] . Our data also demonstrate that rosiglitazone adjunctive therapy may protect against neurological compromise in P. falciparum malaria by inducing established neuroprotective pathways such as BDNF.
It is important to note that our measurements of BDNF were limited to peripheral levels and may not necessarily reflect BDNF levels in the brain. However, previous studies in animal models have shown that circulating BDNF levels correlate with CNS levels of BDNF [48] . Thus circulating BDNF may be diagnostically useful as a biomarker for CNS injury in malaria infection, although this correlation will need to be confirmed in prospective studies.
Also of note is that the anti-malarial used in this trial was atovaquone-proguanil (which remains a 1 st line agent for the treatment of uncomplicated mefloquine-resistant malaria prevalent in the study site) rather than artemisinin-combination therapy (the current standard of care in Thailand). Although, the antimalarial regimens differed between our animal model and our patient data, in both cases rosiglitazone was associated with induction of similar protective pathways indicating that its protective effects are independent of the anti-malarial used.
While PbA infection was not associated with a decline in NGF, we observed significant increases in NGF levels late in the course of treatment only in the mice that received rosiglitazone. NGF has been shown to promote neurogenesis and improve survival and differentiation of newly generated neurons in the adult brain, especially following injury [49] . Thus, the late increase in NGF levels in mice treated with rosiglitazone may have contributed to enhanced neurogenesis and recovery from CM-induced CNS injury.
Endothelial activation and loss of vascular integrity is central to the pathophysiology of CM, and vascular leakage has been shown to directly correlate with neurological disease onset in ECM [11] . Rosiglitazone adjunctive therapy contributed to the preservation of endothelial quiescence and vascular integrity in part by preventing malaria-induced alterations in the Ang-Tie2 axis. This was evidenced by the maintenance of peripheral Ang-1 levels in rosiglitazone-treated mice (Ang-1 sharply declined in infected mice), and a lower Ang-2 to Ang-1 mRNA ratio in the brain. A lower Ang-2 to Ang-1 ratio was also observed in patients with P. falciparum infection treated with rosiglitazone. Low Ang-1, elevated Ang-2, and an Ang-2 to Ang-1 ratio favouring Ang-2 have been reported in severe and cerebral malaria compared to uncomplicated malaria, and have been associated with mortality in CM [50] [51] [52] .
Rosiglitazone adjunctive therapy was also associated with increased levels of the antioxidant enzymes SOD-1 and catalase in the brain, which correlated with protection from neurocognitive impairment. This is in agreement with previous observations showing that antioxidant adjunctive therapy was associated with reduced cognitive damage in mice [22] . Oxidative stress is thought to contribute to neuronal dysfunction in CM patients [10] , and reduced anti-oxidant activity has been reported in CM patients and in ECM [23, 53] . Enhancement of anti-oxidant enzyme expression in endothelial and neuronal cells has been reported for PPARc agonists, and is thought to contribute to the neuroprotective effects observed for PPARc agonists in other models of CNS injury and disease [14] .
Malaria immunopathogenesis is complex and therefore therapeutic interventions targeting a single pathway may not be sufficient to reduce mortality and morbidity in CM. We have demonstrated that rosiglitazone (which can exert its effects via activation of the nuclear transcription factor PPARc and/or via PPARc-independent mechanisms) can target multiple pathways implicated in the pathogenesis of CM including inflammation, oxidative stress, and endothelial activation, and is capable of initiating or enhancing neuroprotective mechanisms including the induction of neurotrophic factors. We provide direct evidence for the involvement of the Angiopoietin-Tie2 axis in mediating, at least in part, the observed neuroprotective effects of rosiglitazone. Future studies will be required to establish causality for the other implicated pathways, however, overall our data clearly demonstrate that rosiglitazone adjunctive therapy resulted in increased survival and protection from long-term neurocognitive impairment in ECM over what was observed with anti-malarial treatment alone. Importantly we provide evidence that rosiglitazone may also induce such putative protective mechanisms in falciparum-infected patients. Our findings are in agreement with the effects observed with PPARc agonists in models of ischemic and hemorrhagic stroke, and CNS disease including Alzheimer's disease, multiple sclerosis, amyotrophic lateral sclerosis and Parkinson's disease [54] [55] [56] . PPARc agonist use in these models and in patients was associated with reduced brain injury, attenuated neuronal loss, and improved neurological outcomes including motor and memory performance [57] [58] [59] [60] [61] .
PPARc agonists are currently approved for use in humans for the treatment of type II diabetes, which may accelerate their path to clinical evaluation and impact. Rare cardiac adverse events have been reported with long-term use of this class of drugs in elderly patients at high risk of cardiac disease; however in shortterm use they have an excellent safety and tolerability profile. Rosiglitazone adjunctive therapy has already been found to be safe, well tolerated, and efficacious in adult patients with uncomplicated malaria [17] , and short course therapy in a patient population that is typically at low risk of cardiac disease is unlikely to be associated with these types of adverse events.
In summary our results in an experimental model of CM and in patients with uncomplicated falciparum malaria suggest that PPARc agonists are a promising adjunctive therapy for CM that may improve survival and prevent long-term neurocognitive impairment, and support the testing of PPARc agonists in patients with CM.
Materials and Methods
Ethics statement
All animal experiments were approved by the University Health Network and the University of Toronto Animal Use Committees, and were performed according to the policies and guidelines of the Canadian Council on Animal Care.
Human plasma samples used in this study were collected from participants of a randomized double-blind placebo controlled trial testing the safety and efficacy of rosiglitazone adjunctive therapy in patients with P. falciparum malaria in Thailand performed during the period of December 2004 through December 2005 [17] . The study was approved by Mahidol University Research Ethics Committee, Bangkok, Thailand, and Toronto Academic Health Sciences Network Research, University Health Network. Written informed consent was obtained from all participating adult patients. For patients under the age of 18 written informed consent was obtained from their guardians. The trial was registered with ClinicalTrials.gov (identifier NCT00149383).
Murine model of experimental cerebral malaria P. berghei ANKA (PbA) (MR4, Bethesda MD) was maintained by passage in naive mice. Female 7-8 week old C57BL/6 mice (Charles River Laboratories) were infected with 1610 6 PbA parasitized erythrocytes by intraperitoneal (i.p.) injection (day 0 of infection) [16] . Mice were treated starting either on day 3 of infection, or on the onset of CM signs (day 5-6 of infection). For the day 3 experiments (Figure S1A ), mice were treated with 10 mg/kg artesunate suspended in PBS i.p. on day 3, 4, 5 and 6 post-infection, and either 2.5 mg/kg rosiglitazone in 100 ml of saline (rosiglitazone group), or 100 ml of saline alone (control group) once daily by oral gavage starting on day 3 until the end of the experiment. Otherwise, mice were treated with 10 mg/kg artesunate i.p. for two days starting on the onset of CM signs, and either 2.5 mg/kg rosiglitazone or saline as a control by oral gavage daily starting at the same time as artesunate treatment and lasting until the end of the experiment ( Figure S1B ). Parasitemia was monitored daily by Giemsa-stained thin-blood smears.
For all drug-cure experiments (for behavioural and MRI testing) mice were treated at the onset of CM signs with 7 once daily doses of 100 mg/kg artesunate, 2 doses of 15 mg/kg mefloquine on the first and last day of treatment, and 7 once daily doses of 2.5 mg/kg rosiglitazone ( Figure S1C ). Parasitemia was monitored weekly. Mice remained parasite-free for the duration of behavioural testing.
Ang-1 del mice on a BALB/c background were the kind gift of Dr. Susan Quaggin (Mount Sinai Hospital, Toronto, Canada) [20] . BALB/c wild-type breeding pairs were purchased from the Jackson Laboratory and bred in house. Cerebral malaria score for each mouse was assessed on multiple days by a single observer, who was blinded to genotype and treatment allocation, using a modified version of the rapid coma and behavioural score [21] .
Analysis of systemic endothelial activation
Heparinized plasma was collected via saphenous vein or by cardiac puncture and frozen at 280uC. Plasma levels of Ang-1 and sICAM-1 were determined by ELISA (R&D Systems, Minneapolis, MN).
Analysis of vascular permeability
On day 10 post-infection drug-treated mice were injected i.p. with 300 ml of 2% Evans blue. 2 h post-injection mice were euthanized using isoflurane, and perfused with 20 mls of PBS. Brains were collected, photographed, and placed in formamide for 48 h to extract the Evans blue. Evans blue was quantified using a spectrophotometer at 605 nm and compared to a standard curve.
Luciferase imaging of parasite distribution
Mice were infected i.p. with 1610 6 PEs of a luciferaseexpressing PbA (PbGFP-LUC(con)) and treated as described above [19] . Imaging was conducted on day 10 post-infection as previously described [62] .
Histological analysis
Brains were collected on day 10 post-infection from parasitemia-matched mice, following perfusion with 20 mls of PBS, were fixed in 4% formalin for 3 days, and then paraffin embedded. 4 mm sagittal slices were stained with H&E and examined blinded to the treatment group, to quantify the number of hemorrhages. The entire brain section was scanned and all hemorrhages (defined as collections of RBC observed outside of blood vessels) were recorded.
Brain quantitative real time PCR
Total RNA was isolated from snap frozen brain tissue after homogenization in TRIzol (1 mL/100 mg tissue; Invitrogen, Burlington, ON) according to manufacturer's protocol. Extracted RNA (1mg/sample) was treated with DNase I (Fermentas, Burlington, ON), and reverse transcribed to cDNA (BioRad, Mississauga, ON). cDNA was amplified in triplicate with SYBR Green master mix (Roche, Laval, QC) in the presence of 1mM of forward and reverse primers in a Light Cycler 480 (Roche, Laval, QC). Relative amounts of transcript were calculated by the comparative Ct method (2 2DDCT ). GAPDH was used as an endogenous control. The primer sequences are shown in Table S1 .
Behavioural testing
Behavioural testing began 2 months following completion of treatment, when the mice were approximately 4 months of age, and lasted approximately 3 weeks. During testing, the experimenter alternated between mice from each experimental group. Tests were performed in the following order: open field test (OFT), novel object recognition test (NOR), tail suspension test (TST), rotarod test, and contextual fear conditioning test (CFC). Methodological details for the OFT, TST, and CFC are included in the Text S1. Supplemental Methods.
For the NOR test, mice were habituated to the testing apparatus (empty clear plastic mouse cages) for 10 minutes over 6 daily sessions. On the test day, each animal was exposed for 10 minutes to a LEGO construct (LEGO Group, Billund, Denmark) and a Hot Wheels car (Mattel, Inc., El Segundo, CA, USA). The objects were previously determined to be of matched saliency in mice. All tests were video recorded suing ANYMAZE software. Time spent exploring both objects was recorded. Exploration was coded when the mouse touched an object with its forepaws or snout, bit, licked, or sniffed the objects from a distance of no more than 1.5 cm. Following exploration mice were returned to their home cage. Three hours after the initial exposure, mice were returned to the test cage and exposed for 5 minutes to one object from the original test pair and one novel object. The possible confound of mice exhibiting preference for the right or left side of the cage was addressed by counterbalancing for placements of the new object. A ''preference index'' (PI) was calculated as: PI = tn/(tn + tf), wherein ''tn'' represents time exploring a novel object or object in a novel placement area and ''tf'' the duration of familiar object exploration [63] . All animals with a total exploration time of less than 10 seconds in either the exploration or testing phase were removed from the analysis.
For the rotarod test, an Economex accelerating rotarod (Columbus Instruments, Columbus, OH, USA) was used to assess postural sensorimotor impairment. Mice were placed on the rod as it turned at a constant speed of 4 rpm. The latency to fall was recorded in five daily trials conducted at 30 min intervals, performed for 3 consecutive days. The daily performance score for each animal was the sum latency to fall off the apparatus across all five daily trials. To measure adaptive performance on the 4 th and 5
th day mice were placed on the rod starting at a constant speed of 4 rpm, with an acceleration of 0.2 rpm/s for 5 successive trials over a 30 min interval. Latency to fall was recorded for each trial. A daily performance score for each animal was obtained by summing latency over the 5 trials.
Ex vivo Magnetic Resonance Imaging
Specimen preparation for MRI was as described in [64] . Upon completion of all behavioural testing animals were anesthetized with a ketamine (150 mg/kg)/xylazine (10 mg/kg) mix and perfused transcardially with 30 mL of solution A (16PBS +2mM Prohance (a contrast agent used for MRI) +1 mL/mL Heparin) and then with 30 mL of solution B (16PBS +4% Paraformaldehyde +2 mM Prohance). Animals were then decapitated and skin, cartilage and lower jaw was removed. Tissue was left at 4uC for 24 h in 10 mL of solution B and then transferred into 10 mL of solution C (16PBS +0.02% sodium azide +2 mM Prohance) for storage prior to scanning. Tissue was left in solution C for a maximum of 6 months prior to scanning. The MRI methods used here have previously been described in detail [28, 31] . An anatomical mouse brain atlas was used to define brain regions and structures and to compute volumes for each mouse brain [31] [32] . Additional details can be found in the Text S1. Supplemental Methods.
Randomized clinical trial patient population and analysis of biomarkers
Ang-1, Ang-2, and BDNF levels were assessed by ELISA (R&D Systems, Minneapolis, MN) in plasma collected from participants of a randomized double-blind placebo controlled trial testing the safety and efficacy of rosiglitazone adjunctive therapy in patients with P. falciparum malaria in Thailand. The details of this trial are described in [17] .
Statistical analysis
Survival studies were performed at least 3 times. Other experiments were repeated at least once. Statistical significance for survival studies was assessed by log-rank test. Other comparisons were assessed by Mann-Whitney test or Students ttest, or one-way or two-way ANOVA with post-hoc tests.
Statistical analyses were performed using GraphPad Prism software (LaJolla, CA). Linear regression modeling was used to identify brain regions that differed significantly between treatment groups. Figure S3 Brain expression levels of angiopoietin-1 are increased, and the ang-2 to ang-1 ratio is decreased in mice infected with P. berghei ANKA treated with rosiglitazone adjunctive therapy. Mice infected with P. berghei ANKA were treated with artesunate plus saline (grey bars), or artesunate plus rosiglitazone (red bars) starting at the onset of CM signs. Expression of ang-1 (A) and ang-2 (B) mRNA was assessed in brain homogenates collected from uninfected mice (day 0), infected mice prior to the initiation of therapy (day 5), and infected mice following treatment initiation (on day 7 and 9 postinfection). The ratio of ang-2:ang-1 was also calculated (C). Data were analysed by Kruskal-Wallis test with Dunn's post-test, N = 6/ group. Significant differences were observed for ang-1 and the ang2:ang1 ratio on day 7. Ang-2 levels were lower in the rosiglitazone-treated group but did not reach significance. Figure S8 Rosiglitazone adjunctive therapy protects mice from malaria-induced brain atrophy. Following completion of all behavioural testing mice were sacrificed and their brains scanned using magnetic resonance imaging (MRI). This was followed by image registration and volumetric analysis of the brain volume of 62 distinct regions. Linear regression analysis was performed to identify areas that differed significantly between the mice treated with artesunate/mefloquine plus saline (grey bars), and the mice treated with artesunate/mefloquine plus rosiglitazone (red bars). Significant differences were observed in (A) the cerebral penduncle, (B) the fimbria, (C) the posterior commissure, (D) the colliculus inferior, (E) the internal capsule, and (F) the stria terminalis. N = 13 for artesunate/mefloquine, N = 10 for artesunate/mefloquine + rosiglitazone. The median volume for uninfected mice is shown as a dashed line (N = 10 for uninfected control). (TIF) 
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